Introduction {#sec1}
============

Common factors are frequently encountered in everyday life. For example, the Big Five personality traits scale determines five different aspects of personality: openness to experience, conscientiousness, extraversion, agreeableness, and neuroticism ([@bib34]). These five specific factors are supposed to represent the factor structure of personality. Similarly, *g* (general intelligence) is a common factor for intelligence that can be inferred from several specific factors, such as the Wechsler scale ([@bib58]). Likewise, touch and audition have been shown to correlate highly, reflecting a common factor for somatosensation ([@bib25]).

For vision, however, there seems to be no strong, unique factor but rather several specific ones (for reviews, see [@bib39]; [@bib41]; [@bib54]). For example, more than 1000 participants were tested with 25 visual and auditory measures ([@bib5]). Only 20% of the total variance underlying these 25 measures was explained by a unique factor, whereas eight specific factors explained about 57% of the total variance. In addition, [@bib8] claimed that there is only weak evidence for a single mechanism (i.e., a common factor) to underlie different forms of bistable perception, such as binocular rivalry (see also [@bib11]). Similarly, there was only weak evidence for a unique factor in contrast perception ([@bib6]; [@bib41]; [@bib43]), eye movements ([@bib2]), face recognition ([@bib56]), hue scaling (e.g., [@bib22]; [@bib23]), local--global processing ([@bib13]; [@bib38]), color matching ([@bib57]), stereopsis (e.g., [@bib31]; [@bib44]), luminance contrast sensitivity ([@bib20]; [@bib42]), and in the use of expectations and knowledge priors ([@bib55]), suggesting that the structure of visual space is multifactorial. Only weak correlations were also found between performance in six basic visual tasks, such as visual backward masking and Vernier offset discrimination ([@bib12]).

Likewise, only weak correlations were observed between the susceptibility to different illusions, such as the Ebbinghaus and Müller--Lyer illusions ([@bib28]; [@bib29]), suggesting that the structure of the visual space underlying illusions is multifactorial. Factors specific to classes of illusions have been found in the past. For example, [@bib53] found a factor underlying geometric illusions that, however, did not show strong loadings on other classes of illusions such as brightness or size--weight illusions. Likewise, [@bib15] suggested that visual illusions can be classified into two classes: illusions of linear extent and illusions of shape or direction (see also [@bib48]). [@bib51], [@bib52]) found that a set of different illusion measures was best represented by a three- or four-factor model, suggesting that visual illusions are heterogeneous perceptual tasks (but see [@bib1]; [@bib49]). Similarly, it has recently been suggested ([@bib9]) that the visual structure underlying illusions of spatial extent, such as the Müller--Lyer illusion, combines several physiological and psychological factors.

Recently, we tested several variants of the Ebbinghaus illusion, differing in color, shape, size, and texture, and found strong correlations between the susceptibility to all variants. Similarly, when testing several illusions with different luminance, orientation, and contextual conditions, strong within-illusion correlations but only weak between-illusion correlations were observed ([@bib17]; [@bib18]); that is, an individual who is strongly susceptible to one illusion is not necessarily strongly susceptible to a different illusion, but there is a high probability for this individual to also be strongly susceptible to another variant of the same illusion. We suggested that factors are illusion-specific, even though a small proportion of the variance in the illusion magnitudes (especially in some subsets of illusions) may be accounted for by a general---but weak---common factor.

Here, we wondered how these factors relate to each other. To this aim, we merged pairs of illusions and tested whether the susceptibility to a merged illusion can be predicted from the susceptibilities to the non-merged illusions of which it was made.

Experiment 1 {#sec2}
============

Methods {#sec2-1}
-------

### Participants {#sec2-1-1}

Participants were students at Purdue University who received course credit in return for their participation. Among the 310 students that took part in this experiment, 306 were considered for further analysis (four participants were considered as outliers). Ages ranged from 19 to 27 years (mean age, 22 years), and 109 females participated. Two participants did not provide any information about their gender. Procedures were conducted in accordance with the tenets of the Declaration of Helsinki, except for the preregistration, and were approved by the local ethics committee.

### Apparatus {#sec2-1-2}

Each participant ran the experiment on their own computer in a web browser over the Internet. Due to the online nature of the experiment, the details of a participant\'s computer and screen are mostly unknown. The experiment software was able to verify that the web browser was on a desktop or laptop computer rather than on a handheld device. Participants trying to access the experiment with a phone or tablet were asked to try again with a desktop or laptop computer.

### Stimuli {#sec2-1-3}

[Figure 1](#fig1){ref-type="fig"} provides a schematic of the stimuli used in [Experiment 1](#sec2){ref-type="sec"}. A horizontal reference line on the bottom right was either 100 or 150 pixels long. An adjustable line on the top left had a length randomly selected between 15 pixels and an upper limit that was itself randomly chosen to be 75 to 100 pixels larger than the length of the reference line, with the restriction that it could not be closer than 15 pixels to the length of the reference line. Each line was 2 pixels thick. The adjustable line was presented either horizontally or vertically, as in the vertical--horizontal illusion. As in the Müller--Lyer illusion, inward and outward wings were added to some conditions in a virtual square with sides of 15 pixels and at a 45° angle relative to the adjustable line. With two reference line lengths (100 and 150 pixels), two adjustable line orientations (horizontal and vertical), and three types of wings (inward, none, and outward) for the adjustable line, there were 12 stimulus conditions.

![In [Experiment 1](#sec2){ref-type="sec"}, 12 conditions were tested. The six conditions illustrated here (2 adjustable line orientations × 3 types of wings) were tested with two reference line lengths (100 and 150 pixels). Abbreviations: "Hor" = horizontal adjustable line; "Ver" = vertical adjustable line; "None"= no wings; "In" = inward wings; "Out" = outward wings. The participant moved a slider to adjust the length of the top left line so that it appeared to be same length as the reference line on the bottom right. Conditions with purple labels show non-merged conditions, as they refer to one illusory effect only (either vertical--horizontal or Müller--Lyer illusion), whereas conditions with green labels show merged conditions. We considered the comparison of two horizontal lines (HorNone conditions; white label) as purely non-illusory.](jovi-20-8-12-f001){#fig1}

Because the reference line was always horizontal, we considered the adjustable line in the horizontal no wings conditions (HorNone100 and HorNone150) to be control conditions. In addition to these control conditions, we considered six conditions as non-merged conditions because they referred to one illusory effect only: a vertical--horizontal illusion in which the vertical line is usually perceived as being longer than a horizontal line of the same length (vertical no wings conditions: VerNone100 and VerNone150) or a Müller--Lyer illusion in which a line with inward wings usually looks shorter than the same line with outward wings (horizontal inward wings conditions: HorIn100 and HorIn150; horizontal outward wings conditions: HorOut100 and HorOut150). Four conditions were considered as merged conditions because they included both illusory effects: the adjustable line was a vertical line with either inward wings (VerIn100 and VerIn150) or outward wings (VerOut100 and VerOut150).

### Procedure {#sec2-1-4}

Each trial started when the participant clicked a button. A condition appeared on the screen and the participant moved a slider to the left or right to change the length of the adjustable line. The task was to set the length of the adjustable line so that it appeared to be the same length as the reference line. When the participants were satisfied that the lines looked the same length, they clicked on a "Submit Match" button to end the trial. The first four trials were practice trials that presented all combinations of reference line length and adjustable line orientation. The adjustable line always had no wings during the practice trials. For subsequent trials, each condition was presented eight times in a random order. The final three questions gathered demographic information (sex, age, and ethnicity). The experiment took less than 30 minutes to complete.

### Data analysis {#sec2-1-5}

Intrarater reliability was assessed by computing two-way mixed-effects models (intraclass correlations of type \[3,1\] or ICC~3,1~) for each condition, as suggested in [@bib50] and in [@bib35].

The eight adjustments of each participant were averaged for each condition. To compute illusion strength, the reference line length (either 100 or 150 pixels) was subtracted from the mean adjustments. The results were subsequently divided by the same reference line length, thus turning them into illusion magnitudes as a proportion of the reference line length. Overadjustments and underadjustments are indicated by positive and negative illusion magnitudes, respectively. Analyses were performed in R ([@bib47]).

To check for outliers, illusion magnitudes were standardized. Rather than the commonly used *z*-scores, we used modified *z*-scores, which are based on the median and the median absolute deviation ([@bib33]). Modified *z*-scores were summed (in absolute values) for each participant across all conditions. Four participants were considered as outliers and removed from the dataset because the sum of their modified *z*-scores was outside the mean ± 3 standard deviations (*SD*s) range.

A three-way repeated measures analysis of variance (ANOVA) was performed on the illusion magnitudes after outlier removal. We used Mauchly\'s tests to verify sphericity assumptions and applied Greenhouse--Geisser correction in case of violations of sphericity. In both experiments, the alpha level for statistical significance was set to 0.05.

To determine whether merged illusion magnitudes can be predicted from non-merged illusion magnitudes, a path analysis was computed with the vertical inward wings and vertical outward wings conditions as outcomes (VerIn100, VerIn150, VerOut100, and VerOut150; endogenous variables) and all the other conditions as predictors (exogenous variables). In a path analysis, each predictor is regressed onto each outcome ([@bib3]). The vertical inward wings (VerIn) conditions were expected to be strongly predicted from the vertical no wings (VerNone) and horizontal inward wings (HorIn) conditions. Likewise, we expected the vertical no wings (VerNone) and horizontal outward wings (HorOut) conditions to strongly predict the vertical outward wings (VerOut) conditions. Importantly, the path model considers the covariances among the exogenous variables (i.e., control and non-merged conditions).

We computed Pearson\'s correlations between the illusion magnitudes of each condition and participants\' age. We found no significant effects (see [Table S1](#jovi-20-8-12_s003){ref-type="supplementary-material"}A in the [Supplementary Material](#jovi-20-8-12_s003){ref-type="supplementary-material"}). We also computed Pearson\'s correlations between the illusion magnitudes of each pair of conditions. Finally, an exploratory factor analysis (EFA) was computed to explore the factors underlying the global structure of the dataset using the guidelines outlined in [@bib46]. Because our aim was to identify factors reflecting only the variance shared between conditions (i.e., the common variance), we extracted factors with a common factor analysis. An oblique rotation (promax) was used in the EFA because we had no reason to preclude factors to correlate. Similar loadings are observed with an oblique or orthogonal rotation if the factors are uncorrelated (e.g., [@bib16]). We should mention that an EFA explores the structure underlying a dataset (i.e., the EFA looks for latent factors), whereas a path analysis explores the linear relationships between measured variables.

Results {#sec2-2}
-------

### Intrarater reliability {#sec2-2-1}

All conditions showed significant intraclass correlations even after Bonferroni correction was applied, highlighting consistent adjustments across all eight trials of the same condition ([Table 2](#tbl2){ref-type="table"}B, diagonal). We should note, however, that the correlation coefficients indicate a large range of reliabilities from poor (HorNone100 ICC coefficient = 0.119) to large (VerIn150 ICC coefficient = 0.329) according to [@bib26] but only poor to moderate according to [@bib14].

### Magnitudes of the illusions {#sec2-2-2}

The illusion magnitudes are illustrated in [Figure 2](#fig2){ref-type="fig"} and summarized in the Supplementary Material ([Table S2](#jovi-20-8-12_s003){ref-type="supplementary-material"}A). A three-way repeated measures ANOVA was computed with the main factors of adjustable line orientation (horizontal or vertical), reference line length (100 or 150 pixels), and type of wings (inward, none, or outward). Statistical results are shown in [Table 1](#tbl1){ref-type="table"}.

![Illusion magnitudes ± 2 *SEM* in [Experiment 1](#sec2){ref-type="sec"} as a function of the type of wings (inward, none, or outward), the adjustable line orientation (dark gray, horizontal; light gray, vertical), and the reference line length (solid line, 100 pixels; dotted line, 150 pixels). Positive and negative magnitudes indicate overadjustments and underadjustments compared to the reference, respectively.](jovi-20-8-12-f002){#fig2}

###### 

Statistical results from the three-way repeated measures ANOVA for illusion magnitudes in [Experiment 1](#sec2){ref-type="sec"} with adjustable line orientation, reference line length, and type of wings as main factors. ^\*\*\*^*p* \< 0.001

  Test                                     *F*                 *df*~1~   *df*~2~  η*~p~*^2^
  ---------------------------------------- ------------------ --------- --------- -----------
  Orientation                              197.687^\*\*\*^        1        305    0.393
  Reference length                         1431.100^\*\*\*^       1        305    0.824
  Wings                                    2023.802^\*\*\*^     1.997    608.971  0.869
  Orientation × reference length           0.267                  1        305    \<0.001
  Orientation × wings                      217.404^\*\*\*^      1.974    601.993  0.416
  Reference length × wings                 7.435^\*\*\*^        1.992    607.428  0.024
  Orientation × reference length × wings   0.528                1.950    594.645  0.002

### Path analysis {#sec2-2-3}

A path analysis was computed to determine whether the illusion magnitudes of the merged conditions can be predicted from the illusion magnitudes of the two non-merged conditions of which it was made. Standardized path coefficients are reported in [Table 2](#tbl2){ref-type="table"}A. The two non-merged conditions that made each merged condition (i.e., the expected predictors) showed significant path coefficients. A Welch two-tailed *t*-test between the path coefficients that were expected to be high (*M* = 0.317, *SD* = 0.100) and the others (*M* = 0.049, *SD* = 0.115) resulted in a significant difference (*t*\[13.668\] = 6.298, *p* \< 0.001, *d* = 2.483). However, some unexpected, non-merged conditions significantly loaded on the merged conditions. For example, not only the VerNone100 and HorIn100 conditions significantly loaded on the VerIn100 condition (standardized path coefficients: VerNone100 = 0.212, *p* \< 0.001; HorIn100 = 0.495, *p* \< 0.001), but also the VerNone150 condition (standardized path coefficient = 0.200, *p* \< 0.001). However, this might be due to the very strong correlations observed between conditions, especially between the two reference line lengths of a same combination of adjustable line orientation and type of wings.

###### 

[Experiment 1](#sec2){ref-type="sec"}. (A) Standardized path coefficients (^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001) from the path analysis and communalities (i.e., the variance explained, *r*^2^) of each merged condition. Gray shading indicates the non-merged conditions that made up every merged condition (i.e., expected predictors). (B) Diagonal (in gray): Intrarater reliabilities expressed as intraclass correlation coefficients (ICC~3,1~) for each condition. All of them were significant. Triangle: Correlations between each pair of conditions expressed as correlation coefficients (Pearson\'s *r*). A color scale from white to red reflects effect sizes from *r* = 0 to *r* = 1 (no negative effect sizes). Italics and bold font indicate significant results without and with Bonferroni correction, respectively. Black labels indicate control (non-illusory) conditions; purple labels indicate non-merged conditions; green labels indicate merged conditions
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We observed only weak path coefficients from the horizontal no wings conditions (HorNone100 and HorNone150) to the merged conditions, which was expected as these two conditions were considered to be control conditions. Indeed, the adjustable line was presented horizontally (unlike the vertical--horizontal illusion) and with no additional wings (unlike the Müller--Lyer illusion) in both control conditions. [Table 2](#tbl2){ref-type="table"}A also shows the communalities of each merged condition (i.e., the variance explained, or *r*^2^). The uniqueness (i.e., the variance not explained by the exogenous variables, or 1 -- *r*^2^) of each merged condition was between 0.452 and 0.512.

### Correlations {#sec2-2-4}

Correlations between the illusion magnitudes of each pair of conditions are reported in [Table 2](#tbl2){ref-type="table"}B (triangle). Interestingly, most correlations were significant even after Bonferroni correction was applied for multiple comparisons. The effect sizes of the eight between-illusion correlations---correlations between a condition that refers to the vertical--horizontal illusion only (VerNone conditions) and a condition that refers to the Müller--Lyer illusion only (HorIn and HorOut conditions)---were significantly different from zero (one-sample two-tailed *t*-test: *t*\[7\] = 5.244, *p* = 0.001, *d* = 1.854).

### Exploratory factor analysis {#sec2-2-5}

A two-factor model was suggested by a scree plot inspection (see [Figure S1A](#jovi-20-8-12_s003){ref-type="supplementary-material"} in the Supplementary Material), whereas a parallel analysis suggested a five-factor model. Because the eigenvalues of factors three to five were well below one (RF1, 4.645; RF2, 0.996; RF3, 0.448; RF4, 0.309; RF5, 0.245), we retained the two-factor model. Loadings from the two-factor model are reported in [Table 3](#tbl3){ref-type="table"}. The two factors together explained 49% of the variance (RF1, 25%; RF2, 24%). They were strongly inter-correlated (*r* = 0.597) and seem to relate to the two reference line length conditions.

###### 

Rotated factor loadings from an EFA after promax rotation for all conditions of [Experiment 1](#sec2){ref-type="sec"}. A color scale from blue (negative loadings) to red (positive loadings) is shown. Black indicates control (non-illusory) conditions; purple indicates non-merged conditions; green indicates merged conditions. The two factors seem to relate to the two reference line length conditions
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Experiment 2 {#sec3}
============

Methods {#sec3-1}
-------

### Participants {#sec3-1-1}

Participants were 100 visitors at a public event organized in Geneva, Switzerland. Of these, 98 participants were considered for further analysis (there were two outliers), with age ranging from 8 to 81 years (mean age, 36 years; 57 females). Adults signed informed consent and we obtained the assent of children as well as the consent of their parents. Participation was not compensated for in any form. Procedures were conducted in accordance with the tenets of the Declaration of Helsinki, except for the preregistration, and were approved by the local ethics committee.

### Apparatus {#sec3-1-2}

The experiment was coded in MATLAB (R2014b, 64 bits; MathWorks, Natick, MA) using the Psychophysics Toolbox 3.1 (64 bits; [@bib7]; [@bib40]) and was presented on a 24.5-inch BenQ monitor (Taipei, Taiwan) at a resolution of 1920 × 1080 pixels with a 60-Hz refresh rate. Participants sat approximately 60 cm away from the screen and used a Logitech LS1 computer mouse (Lausanne, Switzerland) to fulfill the task. A Minolta LS-100 luminance meter (Osaka, Japan) was used to calibrate the monitor before the experiment began. A room with artificial light conditions was used to run the experiment.

### Stimuli {#sec3-1-3}

Stimuli were presented in white (∼176 cd/m^2^) on a black background (∼1 cd/m^2^). The line width was 4 pixels. Participants were tested with the vertical--horizontal (VH), Müller--Lyer (ML), and Ponzo (PZ) illusions ([Figure 3](#fig3){ref-type="fig"}). In addition, the vertical--horizontal and Müller--Lyer illusions were congruently (VH-ML con.) and incongruently (VH-ML inc.) merged. In the congruent VH-ML illusion, inward and outward wings were added to the horizontal and vertical segments of the vertical--horizontal illusion, respectively. In the incongruent VH-ML illusion, inward and outward wings were drawn at the extremities of the vertical and horizontal segments of the vertical--horizontal illusion, respectively. Similarly, the Müller--Lyer and Ponzo illusions were congruently merged (PZ-ML con.) by adding inward and outward wings to the lower and upper horizontal segments of the Ponzo illusion, respectively, and incongruently merged (PZ-ML inc.) when the contrary was true. In total, seven illusions were tested.

![Seven illusions were tested in [Experiment 2](#sec3){ref-type="sec"} with an adjustment procedure: the vertical-horizontal (VH), Müller--Lyer (ML) and Ponzo (PZ) illusions, as well as the vertical--horizontal illusion congruently merged (VH-ML con.) or incongruently merged (VH-ML inc.) with the Müller--Lyer illusion and the Ponzo illusion congruently merged (PZ-ML con.) or incongruently merged (PZ-ML inc.) with the Müller--Lyer illusion. Two configurations were tested for each illusion (e.g., either the horizontal or vertical segment of the VH illusion was adjusted), making up 14 conditions. There were two trials of each condition. Purple indicates non-merged illusions; green indicates merged illusions.](jovi-20-8-12-f003){#fig3}

In the VH and the congruent and incongruent VH-ML illusions, participants were asked to adjust the length of the horizontal segment to match the length of the vertical segment or to adjust the length of the vertical segment to match the length of the horizontal segment. In the ML illusion, we asked participants to adjust the length of the segment with inward wings to match the length of the segment with outward wings, and vice versa. In the PZ and the congruent and incongruent PZ-ML illusions, the task was to adjust the upper segment in length to match the lower one in length, and vice versa. Hence, each illusion was tested under two configurations, as one segment was in turn the reference or the adjustable segment. Adjustments were made by moving the computer mouse, and participants validated their adjustments by clicking on the left button of the computer mouse.

In each illusion, the reference segment was 8° long, and the length of the adjustable segment was pseudorandomly chosen to be between 2° and 14° at the beginning of each trial. In the ML, congruent and incongruent VH-ML, and congruent and incongruent PZ-ML illusions, the wings were 1° long and rotated by 45° compared to the orientation of the segments. In the VH and the congruent and incongruent VH-ML illusions, the center of the horizontal segment was displayed 4° to the bottom of the midscreen, and the vertical segment was always touching it. In the ML illusion, the distance between the two segments was 16.9°. The centers of the segments with outward and inward wings were presented 2° to the top and bottom of the midscreen, respectively. In the PZ and the congruent and incongruent PZ-ML illusions, the two segments were 16.9° apart from each other. The distances between the upper and lower ends of the diagonals were 9° and 25°, respectively, and the total height of the illusion was 20°.

### Procedure {#sec3-1-4}

The experimenter first explained the task to the participants. Three practice trials were run in order to ensure that the participants correctly understood the task: one ML trial, one VH-ML trial (either congruent or incongruent), and one PZ-ML trial (either congruent or incongruent). Each condition (7 illusions × 2 configurations = 14 conditions) was tested twice, resulting in 28 trials per participant. The order of presentation of the 28 trials was chosen randomly by the computer. Participants were asked to refrain from any prior knowledge about visual illusions and to rely on their percepts only. The experimenter stayed in the room during the experiment and answered any questions at any time. At the end of the experiment, the participants were shown their results and debriefed.

### Data analysis {#sec3-1-5}

Intrarater reliability was assessed by computing intraclass correlations, as in [Experiment 1](#sec2){ref-type="sec"}. For each participant and each condition, the adjustments from both trials were averaged. As in [Experiment 1](#sec2){ref-type="sec"}, illusion magnitudes were computed. In order to make the magnitudes comparable across illusions, modified *z*-scores were computed for each illusion. At this stage, two outliers were detected and removed from the dataset. A path analysis was computed to determine whether the illusion magnitudes of the merged conditions (VH-ML con. hor., VH-ML con. ver., VH-ML inc. hor., VH-ML inc. ver., PZ-ML con. down, PZ-ML con. up, PZ-ML inc. down, and PZ-ML inc. up) can be predicted from the illusion magnitudes of the non-merged conditions (VH hor., VH ver., ML in., ML out., PZ down, and PZ up). As in [Experiment 1](#sec2){ref-type="sec"}, age did not significantly influence illusion magnitudes (see [Table S1](#jovi-20-8-12_s003){ref-type="supplementary-material"}B in the Supplementary Material). Finally, we computed pairwise correlations and an EFA as in [Experiment 1](#sec2){ref-type="sec"}.

Results {#sec3-2}
-------

### Intrarater reliability {#sec3-2-1}

All intraclass correlations were significant even after Bonferroni correction was applied ([Table 4](#tbl4){ref-type="table"}B, diagonal).

###### 

[Experiment 2](#sec3){ref-type="sec"}. (A) Standardized path coefficients (^\*^*p* \< 0.05, ^\*\*^*p* \< 0.01, ^\*\*\*^*p* \< 0.001) from the path analysis and communalities (i.e., the variance explained, *r*^2^) of each merged condition. Gray shading indicates the non-merged conditions that made up every merged condition (i.e., expected predictors). (B) Diagonal (in gray): Intrarater reliabilities expressed as intraclass correlation coefficients (ICC~3,1~) for each condition. All of them were significant. Triangle: Correlations between each pair of conditions expressed as correlation coefficients (Pearson\'s *r*). A color scale from blue to red reflects effect sizes from *r* = --1 to *r* = 1 (white corresponds to *r* = 0). Italics and bold font indicate significant results without and with Bonferroni correction, respectively. Purple labels indicate non-merged conditions; green labels indicate merged conditions
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### Magnitudes of the illusions {#sec3-2-2}

As expected, all non-merged illusions showed an overadjusted and an underadjusted configuration ([Figure 4](#fig4){ref-type="fig"} and see [Table S2B](#jovi-20-8-12_s003){ref-type="supplementary-material"} in the Supplementary Material). For example, the horizontal segment of the vertical--horizontal illusion in which both segments are the same length is usually perceived to be shorter than the vertical segment and was therefore overadjusted (VH hor.: *M* = 22.152%; *SEM* = 1.266%). The vertical segment of the same illusion was underadjusted (VH ver.: *M* = --12.829%; *SEM* = 0.979%) because it is usually perceived to be longer than the horizontal segment. Interestingly, however, the illusion magnitudes are not symmetrical across both configurations. For example, the PZ down condition showed stronger absolute illusion magnitude compared to the PZ up condition (PZ down: *M* = 19.301%, *SEM* = 0.966%; PZ up: *M* = −8.646%, *SEM* = 0.661%). Stronger illusion magnitudes were observed for congruently merged illusions compared to non-merged illusions, while incongruently merged illusions revealed only very weak effects.

![Illusion magnitudes ± 2 *SEM* in [Experiment 2](#sec3){ref-type="sec"}. Purple indicates non-merged conditions; green indicates merged conditions.](jovi-20-8-12-f004){#fig4}

### Path analysis {#sec3-2-3}

We conducted a path analysis with the non-merged conditions as predictors and observed that the illusion magnitude of a merged condition was strongly predicted by the illusion magnitudes of the non-merged conditions of which it was made ([Table 4](#tbl4){ref-type="table"}A). For example, adjusting the vertical segment of the incongruent VH-ML illusion (VH-ML inc. ver.) referred to both the vertical VH (VH ver.) and the inward ML (ML in.) conditions. Both the vertical VH (VH ver.) and the inward ML (ML in.) conditions showed significant standardized path coefficients (VH ver.: 0.530, *p* \< 0.001; ML in.: 0.194, *p* = 0.021) to the vertical incongruent VH-ML condition (VH-ML inc. ver.). A Welch two-tailed *t*-test between the path coefficients that were expected to be high (*M* = 0.351, *SD* = 0.180) and the others (*M* = 0.005, *SD* = 0.113) resulted in a significant difference (*t*\[21.127\] = 7.045, *p* \< 0.001, *d* = 2.307). The communalities of each merged condition are reported in [Table 4](#tbl4){ref-type="table"}A. The uniqueness of each merged condition was between 0.476 and 0.767.

### Correlations {#sec3-2-4}

Correlations were computed between the illusion magnitudes of each pair of conditions ([Table 4](#tbl4){ref-type="table"}B, triangle). Only three correlations were significant between the two configurations of the same illusion (significant with Bonferroni correction for VH: *r* = --0.360, *p* \< 0.001; PZ: *r* = --0.359, *p* \< 0.001; PZ-ML con.: *r* = --0.388, *p* \< 0.001).

Significant correlations were observed between some merged conditions and the non-merged conditions of which they were made. For example, the horizontal congruent and incongruent VH-ML conditions (VH-ML con. hor. and VH-ML inc. hor.) significantly correlated with the horizontal VH condition (VH hor.). Interestingly, only weak correlations were observed between the merged conditions and the Müller--Lyer illusion (ML in. and ML out. conditions). Hence, when two illusions merge, one illusion seems stronger than the other. This was also observed from the path analysis ([Table 4](#tbl4){ref-type="table"}A), where path coefficients to the merged conditions are weaker from the Müller--Lyer conditions than from the vertical--horizontal or Ponzo conditions.

A one-sample two-tailed *t*-test on the effect sizes of the 28 between-illusion correlations (VH vs. ML conditions, VH vs. PZ conditions, ML vs. PZ conditions, VH vs. PZ-ML conditions, and PZ vs. VH-ML conditions) was significantly different from zero (*t*\[27\] = 4.029, *p* \< 0.001, *d* = 0.761), suggesting that a small proportion of the variance underlying the VH, ML, and PZ illusions is accounted for by a weak common factor.

### Exploratory factor analysis {#sec3-2-5}

As in [Experiment 1](#sec2){ref-type="sec"}, a common factor analysis was computed to extract factors. A parallel analysis and scree plot inspection (see [Figure S1](#jovi-20-8-12_s003){ref-type="supplementary-material"}B in the Supplementary Material) suggested a four-factor model explaining 56% of the total variance (RF1, 16%; RF2, 14%; RF3, 14%; RF4, 12%). The first and third factors highly loaded on the different conditions including the horizontal and vertical configurations of the VH illusion, respectively, whereas the second and forth factors highly loaded on the conditions including the PZ and ML illusions, respectively ([Table 5](#tbl5){ref-type="table"}). The interfactor correlations showed small to medium effect sizes (RF1--RF2, *r* = 0.024; RF1--RF3, *r* = --0.166; RF1--RF4, *r* = 0.164; RF2--RF3, *r* = 0.098; RF2--RF4, *r* = --0.203; RF3--RF4, *r* = 0.068).

###### 

Rotated factor loadings from an EFA after promax rotation for all conditions of [Experiment 2](#sec3){ref-type="sec"}. A color scale from blue (negative loadings) to red (positive loadings) is shown. Purple indicates non-merged conditions; green indicates merged conditions. Bold numbers indicate loadings that are expected to be high under the hypothesis that the factors relate to conditions including horizontal VH, PZ, vertical VH, and ML, respectively
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Discussion {#sec4}
==========

We previously found strong correlations between variants of one illusion but weak correlations between different illusions ([@bib18]; [@bib17]; [@bib28]; [@bib29]), arguing for a multitude of factors underlying illusions. Here, we investigated how these factors interact. To this aim, we merged two illusions.

Our results suggest that there are many illusion-specific factors that combine through combinatorics. Indeed, the results from the path analyses suggest that the illusion magnitudes of the merged conditions can be predicted from the illusion magnitudes of the non-merged conditions of which they were made. Our results support the hypothesis that the factors underlying visual illusions combine independently, which is well captured by the linear regressions of the path analyses. However, we have not tested for nonlinear models.

In [Experiment 1](#sec2){ref-type="sec"}, we expected to find two factors, one related to the Müller--Lyer and the other related to the vertical--horizontal illusion. We indeed observed two factors, but they seem to relate to the reference line lengths (i.e., the 100-pixel or 150-pixel reference length conditions). This discrepancy between the results and our expectations may be due to the strong positive correlations observed among all conditions ([Table 2](#tbl2){ref-type="table"}B, triangle), which may hide the factorial structure underlying the dataset. Also, the strong correlation between both factors and the large difference between the eigenvalues of the two factors suggest that a one-factor model could be an alternative to represent the underlying structure of this dataset.

In [Experiment 2](#sec3){ref-type="sec"}, an exploratory factor analysis suggested a four-factor model to best represent the data. The four factors highly loaded on the different conditions that included the horizontal VH, PZ, vertical VH, and ML configurations. This finding corroborates our previous findings, which suggested that there seems to be one factor (or very few factors) per illusion, no matter the specific features of the illusion. Importantly, it seems that there are no proper factors for merged illusions but that merged conditions are well represented by specific combinations of the factors underlying non-merged conditions. Note that we tested more conditions with VH configurations than conditions with ML or PZ configurations. This may explain why two factors related to the VH illusion, while only one factor related to each of the ML and PZ illusion. Similarly, [@bib15] tested several illusions, including 11 variants of the Müller--Lyer illusion and one variant of the Ebbinghaus illusion. They found that two factors highly loaded on the two configurations of the Müller--Lyer variants, while only one factor highly loaded on the two configurations of the Ebbinghaus illusion.

The experimental conditions were different in both experiments. In [Experiment 1](#sec2){ref-type="sec"}, the adjustable element was always compared to a reference line, which was not embedded in the context. In contrast, the reference line was always embedded in the context in [Experiment 2](#sec3){ref-type="sec"}. As previously suggested, the effect of the vertical--horizontal illusion is weakened when both segments are not in contact (see, for example, [@bib30]), which may explain the absence of a factor specifically related to the VH illusion in [Experiment 1](#sec2){ref-type="sec"}. In addition, unlike most illusion studies, the illusion stimulus was adjustable but the reference line was fixed in [Experiment 1](#sec2){ref-type="sec"}, which may also influence the strength of our results. Indeed, the illusion magnitude varies as a function of the size of the illusion (see, for example, [@bib10]).

Contrary to [Experiment 1](#sec2){ref-type="sec"}, luminance and noise conditions were better controlled in [Experiment 2](#sec3){ref-type="sec"}, and participants were all tested on the same setup. Still, the patterns of results from the path analyses are similar across both experiments; that is, a merged illusion magnitude is strongly predictable from the magnitudes of the two non-merged illusions that made it, suggesting that differences in the experimental designs do not interfere much in the results.

We expected better intrarater reliabilities in [Experiment 1](#sec2){ref-type="sec"} compared to [Experiment 2](#sec3){ref-type="sec"} because there were more repetitions of each condition in [Experiment 1](#sec2){ref-type="sec"} compared to [Experiment 2](#sec3){ref-type="sec"}. Nevertheless, intrarater reliabilities were weaker in [Experiment 1](#sec2){ref-type="sec"} (*M* = 0.238, *SD* = 0.063) compared to [Experiment 2](#sec3){ref-type="sec"} (*M* = 0.447, *SD* = 0.121), which may reflect a weakness of the experimental design in [Experiment 1](#sec2){ref-type="sec"} (e.g., lack of control for external conditions such as noise and other external distractions). Note that the moderate intrarater reliabilities may induce an upper limit on the pairwise correlations, thus leading to underestimated correlations.

In agreement with our previous studies ([@bib18]; [@bib17]), we observed only weak, but mostly positive correlations between different illusions. For example, in [Experiment 2](#sec3){ref-type="sec"}, the non-merged ML conditions only weakly correlated with the non-merged PZ conditions (*M* = 0.103, *SD* = 0.052), suggesting that the space underlying visual illusions is multifactorial. However, one-sample two-tailed *t*-tests on the effect sizes of the between-illusion correlations in both [Experiments 1](#sec2){ref-type="sec"} and [2](#sec3){ref-type="sec"} were significantly different from zero, suggesting that a small proportion of the variance underlying the illusions is accounted for by a weak common factor.

Contrary to our results, previous studies have often proposed taxonomies for visual illusions. For example, a factor highly loading on the vertical--horizontal, Müller--Lyer, and Ponzo illusions was described as a length factor ([@bib52]). However, more specific factors have been sometimes suggested to underlie specific illusions (such as the Müller--Lyer illusion; see [@bib15]). The mixed results may come from discrepancies in the data analysis (e.g., how to determine the number of factors to retain), in the experimental design (e.g., whether or not it is a heterogeneous set of tasks, such that perceptual tasks other than illusions are tested in the same battery), or in the interpretation of the results.

Our research aim was to determine to what extent the magnitudes of the merged illusions can be explained by the magnitudes of the individual illusions and their underlying mechanisms. An extreme case could have been that performance could not be predicted at all---for example, because the merged illusions are not perceived as illusory anymore. Or, one illusion could dominate the other one or there could be some highly nonlinear combinations as often occurs in other fields of cue combination. For example, the joint effects of two grouping cues are sometimes quite different than the sum of the individual effects (e.g., [@bib4]; [@bib32]; but see [@bib36]). Extreme cases are configural superiority effects where small changes in layout strongly change perception ([@bib45]). However, factors underlying the illusions tested here seem to combine independently.

We like to highlight that the illusion magnitudes of conditions with inward wings were smaller for the 150-pixel compared to the 100-pixel reference line in [Experiment 1](#sec2){ref-type="sec"} (it even changed sign in the case of the vertical adjustable line; see [Figure 2](#fig2){ref-type="fig"}). Further investigation is needed to understand this specific pattern of results, which contradicts the general assumption that a task becomes harder when the stimulus size increases (e.g., see [@bib10]).

When the VH illusion was merged with the ML illusion in [Experiment 2](#sec3){ref-type="sec"}, we observed stronger path loadings from the VH illusion than from the ML illusion. Similarly, stronger path loadings were observed from the PZ illusion than from the ML illusion when both were merged. The ML illusion therefore seems to have a weaker impact on the merged illusions than the VH and PZ illusions, which may come from the weaker susceptibilities to the ML illusion compared to VH and PZ illusions (see [Figure 4](#fig4){ref-type="fig"} and [Table S2](#jovi-20-8-12_s003){ref-type="supplementary-material"}B in the Supplementary Material).

In both experiments, the two configurations of an illusion were tested separately. The effects of the two configurations may be additive or superadditive; that is, the illusion magnitude is bigger than the sum of the two individual effects. [@bib24] suggested that the Ebbinghaus and Müller--Lyer illusions show superadditive effects when a simultaneous adjustment procedure is used; that is, as the size of one target increases, the size of the other target decreases of a similar amount. On the other hand, they also suggested that there is no superadditivity when an independent adjustment procedure is used; that is, one target is adjustable and the other is the reference (see also [@bib27]). However, it was shown that the Ebbinghaus illusion magnitude was stronger than the sum of the parts even with an independent adjustment procedure ([@bib29]; see also [@bib21]). Here, we observed asymmetrical illusion magnitudes across both configurations of the same illusion. For example, the inward ML condition yielded stronger illusion magnitudes compared to the outward ML condition in absolute values ([Figure 4](#fig4){ref-type="fig"}; see also [@bib17]; [@bib59]). In addition, some illusions showed very weak correlations between the two configurations. For example, the correlation between the inward and outward ML conditions (ML in. and ML out.) in [Experiment 2](#sec3){ref-type="sec"} was not significant (*r* = 0.017, *p* = 0.871). Similarly, we observed strong path loadings between the merged illusions and the non-merged illusions of which they were made, but only in the same configuration. For example, the vertical VH (VH ver.) and the outward ML (ML out.) conditions only weakly loaded on the congruently merged VH-ML illusion when the horizontal segment was adjustable (VH-ML con. hor.). These results suggest that both configurations of an illusion (either merged or non-merged) can have distinct effects at the individual level.

To our knowledge, merged illusions have been tested only once, in a study by [@bib19], who tested the Ponzo illusion and merged it congruently and incongruently with the Müller--Lyer illusion. There was a significant difference between the effect of the inversion phenomenon on the Ponzo illusion compared to the merged Ponzo/Müller--Lyer illusion, suggesting that the factors underlying the Ponzo and Müller--Lyer illusions have different origins, similarly to what we observed here and has been observed previously ([@bib18]; [@bib28]). However, the author did not investigate the relationships between merged and non-merged illusion magnitudes.

To summarize, we previously observed only weak correlations between the susceptibility to different visual illusions but strong correlations between different variants of the same illusion ([@bib18]), suggesting that the structure of the visual space underlying illusions is multifactorial. Here, we investigated whether and how the factors for illusions interact. We tested merged illusions and observed that the susceptibility to a merged illusion is strongly predicted by the susceptibility to the two illusions that made it, suggesting that the factors for illusions combine independently. In comparison with Lavoisier\'s famous chemistry principle, which claims that nothing is lost, nothing is created but everything is transformed ([@bib37]), we suggest that in the merged illusions, no factor is lost and no factor is created. Factors are not even transformed---they just combine.
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